Abstract: A convenient, fast and environmentally benign procedure for the synthesis of a new series of highly functionalized N-alkylated pyridines as privileged medicinal scaffolds was developed via a unique three-component reaction of easily available aromatic as well as heteroaromatic aldehydes, N-alkyl-2-cyanoacetamides and malononitrile in EtOH in the presence of K 2 CO 3 as a base promoter under microwave irradiation. The presented tandem process is presumed to proceed via Knoevenagel condensation, Michael addition, intramolecular cyclization, autoxidation and subsequent aromatization. Particularly valuable features of this protocol, including high product yields, mild conditions, atom-efficiency, simple execution, short reaction times and easy purification make it a highly efficient and promising synthetic strategy to prepare substituted pyridine nuclei. The proposed mechanism of this novel one-pot reaction and structure elucidation of the products are discussed.
Introduction
One-pot multi-component reactions (MCRs) in which three or more reactants are combined together in a single synthetic operation to create a highly complex molecule incorporating most atoms present in the starting materials have proven to be a very rapid, powerful and elegant synthetic procedure. The MCRs strategy provides important advantages over conventional multistep synthesis because of its ease of execution, efficiency, simple procedures and equipment, flexibility, atom economic nature, high yields, productivity, convergence, and highly selectivity [1] [2] [3] [4] . In addition, by reducing waste production, the number of operational steps, avoiding the complicated isolation and purification of intermediates, minimization of time, energy consumption, cost, solvents, reagents and expenditure of human labor, MCRs represent eco-friendly processes [5] . These advantages make MCRs well-suited for the easy construction of libraries of 'drug-like' molecules [6, 7] . In view of the growing interest in the preparation of interesting heterocyclic scaffolds, tremendous scientific efforts are currently being devoted to develop new multi-component procedures for the synthesis of numerous polyfunctionalized heterocyclic scaffolds and discovery of new drugs [6] .
Microwave-assisted organic chemistry (MAOC) is one of the high-speed techniques which has attracted a great attention in recent years. The intrinsic advantages of performing various organic transformations under microwave (MW) irradiation conditions are the high yields of relatively pure products and significant acceleration of the rate of the chemical reactions [8, 9] . Thus, these are not only environmental friendly but also financially attractive processes [10] .
Highly substituted pyridines, known as privileged medicinal scaffolds, are of significant interest as they widely occur as the key constituents in numerous of biologically active natural products and pharmaceuticals [11] [12] [13] [14] [15] [16] [17] . On account of their vast range of eminent pharmacological, physiological, and biological activities, they are considered important structures. Therefore, they have attracted great interest among the all heterocyclic compounds and the interest in their synthesis and chemistry continues undiminished [2, 18, 19] . Among these pyridine derivatives, 2-aminopyridine-3,5-dicarbonitriles constitute a very important type of heterocyclic compounds in modern medicinal chemistry due to their potential therapeutic applications in the treatment of several diseases and broad spectrum biological activities [20] [21] [22] [23] [24] [25] [26] [27] [28] . On the other hand, the N-alkylated pyridones are among the most important classes of azaheterocyclic compounds as they widely occur as prevalent core structures in many biologically active natural products, synthetic bioactive substances and active pharmaceuticals [29] that show interesting pharmacological and biological activities such as multiple sclerosis immunomodulators [30] , a putative memory-enhancing drug [31, 32] , and anticancer agents [33] . Accordingly, methods for the efficient synthesis of new derivatives of these compounds have thus attracted the great interest of synthetic and medicinal chemists. However, a literature survey showed that efficient, direct approaches to the selective synthesis of N-alkylated 2-pyridone derivatives are much less well explored, as known methods generally suffer from certain drawbacks such as the lack of generality or selectivity, poor yields, the use of expensive transition-metal catalysts and/or a competitive process between N-and O-alkylation (poor chemoselectivity) [34, 35] . Therefore, the development of novel straightforward approaches to densely substituted N-alkylated 2-pyridones still remains as a hot research topic.
In the continuation of our efforts towards performing new synthetic methods for a wide variety of heterocycles under green conditions [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . We report a general and efficient microwave-assisted one-pot three-component synthesis of a series of dense substituted N-alkylated 2-pyridones, utilizing malononitrile, a wide range of aromatic as well as heteroaromatic aldehydes and variety of N-alkyl-2-cyanoacetamides as building blocks. To the best of our knowledge, there are no reports in the literature on the synthesis of these compounds. Herein, we also report our experimental results using both thermal heating and microwave irradiation methods and we have compared our results, which shows the advantage of the microwave irradiation method. The proposed reaction mechanism is also discussed.
Results and Discussion
Initially, N-butyl-2-cyanoacetamide (1a), benzaldehyde (2a) and malononitrile (3) were adopted as simple model substrates for studying the multi-component synthesis of 1-alkyl-6-amino-4-aryl(or het)-2-oxo-1,2-dihydropyridine-3,5-dicarbonitriles. Indeed, after experimentation with different solvents, reaction temperatures and base catalysts, we found that the best result was obtained by stirring the solution of N-butyl-2-cyanoacetamide (1a, 4 mmol), benzaldehyde (2a, 4 mmol), and malononitrile (3, 4 mmol) in ethanol (7 mL) in the presence of K 2 CO 3 (4 mmol) under reflux for one hour, whereupon after cooling and neutralization with HCl, a pale yellow solid was crystallized out. The precipitate was filtered, recrystallized from methanol and identified as the 6-amino-1-butyl-2-oxo-4-phenyl-1,2-dihydropyridine-3,5-dicarbonitrile (4a) (70% yield) (Scheme 1) ( Table 1 ). The structure of the product 4a was elucidated with the help of IR, 1 H-NMR, 13 C-NMR, mass spectral data, and elemental analyses. Its mass spectrum disclosed a molecular ion peak at m/z = 292 (M + ) corresponding to the molecular formula C 17 H 16 N 4 O. The 1 H-NMR spectrum of 4a contained a triplet for CH 3 (δ = 0.92), a multiplet for CH 2 (δ = 1.34), a multiplet for CH 2 (δ = 1.51), a triplet for N-CH 2 (δ = 4.0), a multiplet for 2 × CHAr (δ = 7.48-7.49), a multiplet for 3 CHAr (δ = 7.54-7.55), and a singlet for NH 2 (δ = 8.40). The assignment is supported by the IR absorptions at 3435, 3322, 3286, 3176 cm −1 (NH 2 ), 2965, 2929 cm −1 (aliph. CH), 2212 cm −1 (CN), 1647 cm −1 (amide C=O). The proton-decoupled 13 C-NMR spectrum of 4a displayed 15 discreet resonances. Characteristic 13 C-NMR signals due to C-5 and C-3 appeared at δ = 75.43 and 87.48 ppm, respectively, those of cyano carbons at δ = 115.90, 116.56 ppm and those of the C-6, C-2 and C-4 atoms at δ = 156.22, 159.35 and 160.36 ppm, respectively. All other aldehydes 2b-f reacted analogously with N-alkyl-2-cyanoacetamides 1a-c and malononitrile (3) under the same reaction conditions, leading to the formation of products 4b-q in 65-77% yields as shown in Table 1 (3) under the same reaction conditions, leading to the formation of products 4b-q in 65-77% yields as shown in Table 1 (Scheme 1).
Scheme 1.
One-pot synthesis of 1-alkyl-6-amino-4-aryl(or het)-2-oxo-1,2-dihydropyridine-3,5-dicarbonitriles 4a-q. For the formation of 4, we propose two plausible mechanisms which are shown in Scheme 2. The process expresses a typical cascade reaction in which a Knoevenagel condensation between an aldehyde 2 and malononitrile (3) or N-alkyl-2-cyano-3-phenyl-acrylamide 1 and aldehyde 2 in the presence of K2CO3 as a base catalyst leads to the formation of 2-arylidenemalononitrile (Knoevenagel reagents) 5 and N-alkyl-3-aryl-2-cyano-acrylamide 7, respectively. Then, Michael addition of the active methylene group of 1 to the activated double bond in 5 (or 3 to 7) gives the non-isolable adduct Scheme 1. One-pot synthesis of 1-alkyl-6-amino-4-aryl(or het)-2-oxo-1,2-dihydropyridine-3,5-dicarbonitriles 4a-q. For the formation of 4, we propose two plausible mechanisms which are shown in Scheme 2. The process expresses a typical cascade reaction in which a Knoevenagel condensation between an aldehyde 2 and malononitrile (3) or N-alkyl-2-cyano-3-phenyl-acrylamide 1 and aldehyde 2 in the presence of K 2 CO 3 as a base catalyst leads to the formation of 2-arylidenemalononitrile (Knoevenagel reagents) 5 and N-alkyl-3-aryl-2-cyano-acrylamide 7, respectively. Then, Michael addition of the active methylene group of 1 to the activated double bond in 5 (or 3 to 7) gives the non-isolable adduct 6, which underwent an in situ cyclization via intramolecular addition of the amide nitrogen atom, as a nucleophile, to the nitrile function to give the intermediate 8. The tautomerisation of the imino (=NH) function to the amino (-NH 2 ) group followed by autoxidation and aromatization afforded the target product 4. Thus, the reaction could proceed via a domino Knoevenagel condensation/Michael addition/intramolecular cyclization/autoxidation reaction sequence.
For the investigation of the reaction mechanism, both Knoevenagel reagents 5 and 7 were prepared from the reaction of aldehydes 2 with 3 or 1, respectively, and then these were reacted with active methylene compounds 1 or 3. The products 4 were again formed, but obtained in lower yields compared to our one-pot method, and longer reaction times were also required. 6, which underwent an in situ cyclization via intramolecular addition of the amide nitrogen atom, as a nucleophile, to the nitrile function to give the intermediate 8.
The tautomerisation of the imino (=NH) function to the amino (-NH2) group followed by autoxidation and aromatization afforded the target product 4. Thus, the reaction could proceed via a domino Knoevenagel condensation/Michael addition/intramolecular cyclization/autoxidation reaction sequence. For the investigation of the reaction mechanism, both Knoevenagel reagents 5 and 7 were prepared from the reaction of aldehydes 2 with 3 or 1, respectively, and then these were reacted with active methylene compounds 1 or 3. The products 4 were again formed, but obtained in lower yields compared to our one-pot method, and longer reaction times were also required. In order to improve the yield and reduce the reaction times, we repeated the reaction of N-butyl-2-cyanoacetamide (1a), benzaldehyde (2a) and malononitrile (3) under microwave irradiation in EtOH in the presence of K2CO3 for 10 min at 90 °C (500 W, 200 rpm), whereupon 4a was isolated in 91% yield. In order to demonstrate the scope of this reaction, a series of substituted aromatic as well as heteroaromatic aldehydes underwent this three-component condensation with different N-alkyl-2-cyanoacetamides and malononitrile by this procedure to give 1-alkyl-6-amino-4-aryl(or het)-2-oxo-1,2-dihydro-pyridine-3,5-dicarbo-nitriles. The results are summarized in Table 1 . As is evident from the results shown in Table 1 , this method is highly compatible with different aldehydes. Moreover, very good to high yields were also obtained for a heteroaromatic aldehydes when they were employed in this reaction. The microwave method was used in an effort to shorten reaction times and generate high yields. In addition, the analysis of the data in Table 1 indicates that the substituent on the aromatic aldehyde showed slightly different effects on the yields. Reactions of electron rich aromatic aldehydes afforded slightly better yields than electron deficient ones.
Experimental

General Information
All purchased solvents and chemicals were of analytical grade. Melting points were determined on a B-540 melting point apparatus (Büchi, Flawil, Switzerland) and are uncorrected. IR spectra were recorded on a Magna 520 FT-IR spectrophotometer (Nicolet, CA, USA) using potassium bromide disks and signals are reported in cm −1 . 1 H-NMR and 13 C-NMR spectra were recorded on a DPX (850 MHz for 1 H-NMR and 213 MHz for 13 C-NMR) spectrometer (Bruker, Germany) using DMSO-d6 as a solvent, and TMS as an internal standard; the chemical shifts are given in δ units (ppm). Abbreviations used for NMR signals: s = singlet, d = doublet, t = triplet, and m = multiplet. Mass spectra were recorded on a Shimadzu (Kanagawa, Japan) mass spectrometer at 70 eV. All microwave irradiation experiments were carried out using a Monowave 300 Microwave Synthesis Reactor (MAS)
In order to improve the yield and reduce the reaction times, we repeated the reaction of N-butyl-2-cyanoacetamide (1a), benzaldehyde (2a) and malononitrile (3) under microwave irradiation in EtOH in the presence of K 2 CO 3 for 10 min at 90 • C (500 W, 200 rpm), whereupon 4a was isolated in 91% yield. In order to demonstrate the scope of this reaction, a series of substituted aromatic as well as heteroaromatic aldehydes underwent this three-component condensation with different N-alkyl-2-cyanoacetamides and malononitrile by this procedure to give 1-alkyl-6-amino-4-aryl(or het)-2-oxo-1,2-dihydro-pyridine-3,5-dicarbo-nitriles. The results are summarized in Table 1 . As is evident from the results shown in Table 1 , this method is highly compatible with different aldehydes. Moreover, very good to high yields were also obtained for a heteroaromatic aldehydes when they were employed in this reaction. The microwave method was used in an effort to shorten reaction times and generate high yields. In addition, the analysis of the data in Table 1 indicates that the substituent on the aromatic aldehyde showed slightly different effects on the yields. Reactions of electron rich aromatic aldehydes afforded slightly better yields than electron deficient ones.
Experimental
General Information
All purchased solvents and chemicals were of analytical grade. Melting points were determined on a B-540 melting point apparatus (Büchi, Flawil, Switzerland) and are uncorrected. IR spectra were recorded on a Magna 520 FT-IR spectrophotometer (Nicolet, CA, USA) using potassium bromide disks and signals are reported in cm −1 . 1 H-NMR and 13 C-NMR spectra were recorded on a DPX (850 MHz for 1 H-NMR and 213 MHz for 13 C-NMR) spectrometer (Bruker, Germany) using DMSO-d 6 as a solvent, and TMS as an internal standard; the chemical shifts are given in δ units (ppm). Abbreviations used for NMR signals: s = singlet, d = doublet, t = triplet, and m = multiplet. Mass spectra were recorded on a Shimadzu (Kanagawa, Japan) mass spectrometer at 70 eV. All microwave irradiation experiments were carried out using a Monowave 300 Microwave Synthesis Reactor (MAS) equipped with a MAS 24 autosampler unit (Anton Paar GmbH, Graz, Austria). All experiments were carried out in 10 mL septum-capped microwave vials at 90 • C (500 W maximum power, 200 rpm). Microanalytical data were obtained from the Microanalytical Data Unit at Cairo University (Cairo, Egypt).
General
Procedure for the Synthesis of 1-Alkyl-6-amino-4-aryl(or het)-2-oxo-1,2-dihydro-pyridine-3,5-dicarbonitriles 4a-q Method I (∆). A mixture of N-alkyl-2-cyanoacetamides 1a-c (4 mmol), aldehydes 2a-f (4 mmol), malononitrile (3) (4 mmol), and K 2 CO 3 (4 mmol) in refluxing EtOH (7 mL) was stirred for 1-4 h. Upon completion as monitored by TLC, the reaction mixture was cooled and poured into H 2 O. After neutralization with HCl, the resulting solid was filtered off, washed with H 2 O, dried and recrystallized from MeOH to give pure products 4a-q.
Method II (µω).
A mixture of N-alkyl-2-cyano-acetamides 1a-c (2 mmol), aldehydes 2a-f (2 mmol), malononitrile (3) (2 mmol), K 2 CO 3 (2 mmol), and EtOH (2 mL) in a 10 mL septum-capped microwave vials was irradiated under microwave conditions at 90 • C, 500 W, 200 rpm, for 10-15 min. After completion of the reaction, as indicated by TLC, each vial was de-capped and the contents were left to cool to room temperature. Then, the reaction mixture was worked up as described in method I to give compounds 4a-q. Analytical samples were obtained by recrystallization from MeOH. 
Conclusions
In summary, we have developed a novel, facile, efficient, rapid, and environmentally friendly approach for the one-pot multicomponent synthesis of new diversely substituted 6-amino-2-oxo-pyridine-3,5-dicarbonitrile derivatives from simple and readily available diverse aldehydes, various N-alkyl-2-cyanoacetamides and malononitrile in the presence of K 2 CO 3 under heating or under microwave activation. The ease of work-up, rapid access, general applicability, greenness of procedure and high isolated yields of products make this new strategy a very useful addition to modern synthetic methods and attractive for academic research and potential applications. Further exploration of the reaction scope and synthetic applications of this methodology are currently under studying in our laboratory.
